The eyes of cuttlefish (Sepia officinalis) have a modified horizontal slit-pupil with a distinctive W-shape in bright light, while in darkness the pupil is circular. Two suggestions have previously been made for a function of the W-shape: (1) camouflaging the eye; (2) providing distance information. Since neither of these suggestions can fully explain the function of this pupil across the entire visual field, particularly the frontal and caudal periphery, we re-addressed the question of its functional significance. We took infra-red images of the eyes of live S. officinalis at different light intensities and from different viewing angles. This allowed us to determine the shape and light-admitting area of the pupil for different parts of the visual field. Our data show that the W-shaped pupil projects a blurred ''W'' directly onto the retina and that it effectively operates as vertical slits for the frontal and caudal parts of the visual field. We also took images of the natural habitat of S. officinalis and calculated the average vertical brightness distribution in the visual habitat. Computing a retinal illumination map shows that the W-shaped pupil is effective in balancing a vertically uneven light field: The constricted pupil reduces light from the dorsal part of the visual field significantly more than it reduces light from the horizontal band. This will cut the amount of direct sunlight that is scattered by the lens and ocular media, and thus improve image contrast particularly for the dimmer parts of the scene. We also conclude that the pupil provides even attenuation along the horizontal band, whereas a circular pupil would attenuate the image relatively more in the important frontal and caudal periphery of the visual field.
Introduction
Various pupil shapes are known in vertebrate and cephalopod eyes, such as circular, slit-shaped (horizontal and vertical) and pinhole pupils (Land & Nilsson, 2012; Lind, Kelber, & Kröger, 2008; Malmström & Kröger, 2006; Nilsson et al., 2005; Nordström & Warrant, 2000; Walls, 1942) . The eyes of cuttlefish (Sepia officinalis) are unusual in that they have a distinctive W-shaped pupil under bright light conditions. In darkness, the pupil becomes large and circular. Full contraction takes less than 1 s. Dilation time varies but can be similarly fast (Douglas, Williamson, & Wagner, 2005; Muntz, 1977) .
Pupils play a number of functions in improving the optics of an eye. Examples are adapting the eye to changing intensities, optimizing resolution, maximizing depth of focus and preventing photon overload (Land & Nilsson, 2012; Woodhouse & Campbell, 1975) . Two suggestions have been made for a further possible function of the W-shape: (1) Douglas and colleagues noted that pupil mobility in cuttlefish and fish is restricted to species that spend a significant amount of their time camouflaging on the substrate and that the pupil might help camouflage the eye (Douglas, Harper, & Case, 1998; Douglas, Williamson, & Wagner, 2005) . (2) Cuttlefish actively accommodate their eyes by moving the lens perpendicular to the axis of the eye (Heidermanns, 1928; Schaeffel, Murphy, & Howland, 1999) . These authors suggest that the Wshape might provide information on the sign of defocus that might be useful for accommodation. The ''W'' should be projected as a ''W'' or an ''M,'' depending on where the object is focused relative to the retina. While this explanation is feasible for objects located in the central part of the visual field, it does not hold for vision at the eye's periphery. Imagery at the eye's periphery comes from objects directly in front of and behind the animal (both very important behaviorally) and there, the W-shaped pupil will not appear as a ''W'' but as a vertical slit. Therefore, the ''accommodation'' explanation (Schaeffel, Murphy, & Howland, 1999) cannot hold for the parts of the visual field that are potentially the most important because of prey items in front and approaching predators from behind.
Here, we re-address the question of the optical function of the W-shaped pupil in cuttlefish by determining its effect on retinal illumination.
Materials and methods

Animals
Three cuttlefish (S. officinalis; approximate size: 15 cm mantle length; 7 mm eye diameter) were used in this study. Each animal was placed in a rectangular glass aquarium for infra-red photography. Cuttlefish were unrestrained during trials (see below for detail).
Infra-red imaging, illumination and data collection
We used a Sony video camera with nightshot capability (operated in still-shot mode). A beam splitter (Melles Griot), placed at a 45°angle, was used to provide on-axis illumination from an infra-red LED (LEDtronics; k max = 850 nm) into the animal's eye. The infra-red light was focused by the eye on the retina and reflected back towards the camera and thus illuminated the pupil from inside the eye. This enabled us to see the contour of the pupil. An infra-red pass filter (Melles Griot; transmission above 780 nm) was placed in front of the camera to ensure that only the infra-red reflection from the retina entered the camera (Fig. 1) . With this method, we could measure the pupil area used for different parts of the visual field, and under different degrees of pupil constriction. A range of light intensities were used to evoke varying states of pupil constriction, and we chose the most appropriate illumination levels that evoked a prominent W-shaped (68 lx; measured at the level of the animal using an Extech Instruments EasyView light meter) and a fully open circular pupil (total darkness). After an animal had settled, an image was taken at one light intensity, then the light source was set to the next light intensity/turned off, and another image was taken. Cuttlefish are not cooperative to being restrained and we therefore allowed them to move freely inside the aquarium. Once acclimated, a cuttlefish will settle for several seconds to minutes before moving again, and during that time, we were able to obtain images from different viewing angles/light intensities. We could access the entire dorsal and horizontal parts of the visual field, but the ventral parts that view the immediate lateral vicinity could not be accessed with unrestrained animals. These experiments were done over the period of several weeks, i.e., all three animals were repeatedly placed in the above set-up, and images were taken from only a few angles each time (duration of one IR imaging session was at most 1 h, and less if the animal became unsettled). Over time, we obtained all the IR images from the various angles reported here. This was time-consuming because any movement of the animal or the eye during an experiment or from one light level to another meant a data set was incomplete or not useable. It is known that the pupil response of cuttlefish is variable also due to factors other than light levels, e.g., similar light levels can cause pupils to constrict to varying degrees (Douglas, Williamson, & Wagner, 2005; Muntz, 1977) . We carefully selected the images that we included in our analysis, excluding any images where the degree of pupil constriction during an experiment appeared to be inconsistent.
The angle of the camera and/or the animal's position were changed so that the eye could be imaged from approximately 30 angles of view in the horizontal and vertical planes. Angles were measured using a large protractor positioned above the tank. In the horizontal plane, the camera was kept at a slight angle (but within approximately 10°) of the aquarium glass to avoid reflectance off the glass but also so that refraction was kept to a minimum. In the vertical plane, the camera was oriented at a greater angle relative to the glass surface (i.e., more refraction). We corrected angles between the camera and the water filled aquarium using Snell's law.
Analysis of infra-red images
We measured the pupil area using ImageJ software (National Institutes of Health, NIH) and created a contour plot of retinal illumination across the visual field. We were able to collect sufficient data for two of the three animals to give us confidence in the optical throughput maps shown in Fig. 4 . One animal only contributed marginally (four values in Fig. 4A and two values in Fig. 4B ). Since all three animals had the same eye diameter, the throughput maps shown in Fig. 4A and B are the combined map for all three animals. For some angles (indicated by asterisks), we obtained data points from more than just one animal, and these values were averaged (see Supplement for individual datasets).
Cuttlefish habitat quantification
Two photographic series were taken in natural habitats of S. officinalis during periods in which cuttlefish behavior was being studied concurrently: 71 photographs taken off the coast of Vigo, Spain and 94 photographs taken at Çes ßmealtı ( _ Izmir) on the Aegean coast of Turkey at 3-5 m depths. Images were acquired with a Canon EOS-1Ds, Mark II camera (raw file CR2 format; camera settings identical for all images) equipped with a Sigma 8 mm f/3.5 EX DG Circular Fisheye lens in a Subal underwater housing. A bubble leveler was used to ensure that the images were all taken on a horizontal axis and the camera was placed directly on the substrate so that the images approximated the view from the perspective of a cuttlefish sitting on the bottom (i.e., their normal position). A bandpass filter (k max approximately 500 nm; Roscolux # 370) was placed behind the lens to reproduce the monochromatic visual world of cuttlefish (Marshall & Messenger, 1996; Mäthger et al., 2006) . We used 33 images taken in random locations within both habitats. From these images we calculated an average image, from which we pooled pixels in the horizontal direction to reveal the average vertical luminance gradient of the habitat. Only averaged data from the blue and green channels were used. The calculations were implemented by a program written in Java, in which we applied calibrated densitometry, i.e., the pixel values (RAW-format read-out from the camera CCD), after luminance calibration, are used as a measure of ambient luminance in different parts of the natural scene. The camera was calibrated over the full response range, using a Hagner S3 Universal Photometer. Since only the relative luminance differences are relevant to our analysis, data were normalized (see Fig. 5B ). Fig. 1 . Apparatus used for infra-red photography. A beam splitter directs light emitted from an infra-red LED into the eye of a cuttlefish, where the lens focuses the beam on the retina. A pupil filled by bright light is seen by the camera (set in nightshot mode). An infra-red pass filter allows only infra-red light to enter the camera, such that visible light could be used independently to control pupil constriction.
Results
Infra-red imaging and optical throughput
The cuttlefish pupil changes from a W-shape under bright light conditions to fully circular in darkness (Fig. 2) . When the pupil is constricted, this W-shape can be seen from horizontal viewing directions of approximately ±15°of the optical axis of the eye (in the ''relaxed'' state, the eye's optical axis is tilted forward by approximately 10°relative to the animal's long axis (Heidermanns, 1928) ). At angles greater than that, only part of the W-shape is visible. When looking at the constricted W-shaped pupil from in front or behind the animal, the pupil does not appear as a ''W.'' Instead, as one observes the pupil from the horizon, but outside the central 30°, it appears more as a tilted arc, and when viewed directly from in front of and behind the animal, it appears like a vertical slit aperture (Fig. 3) (conspicuous vertical segments at the front and rear of the pupil were also reported by (Muntz, 1977) ). In the vertical plane, the ''W'' is recognizable up to an angle of approximately 30°with the horizontal (i.e., looking diagonally down on the animal). At angles greater than that, the frontal and caudal slits are not visible, leaving the ''wavy'' part of the W-shaped pupil. Using the infra-red images of the pupil, we were able to generate the optical-throughput contour-map shown in Figs. 4A and B. The animal's peripheral fields of view (up, forward, backward directions) do not entirely cover the hemisphere. Animals can nevertheless access all directions by moving their eyes. In the ''relaxed'' state, the eye's optical axis is turned approximately 10°towards the anterior (see also Heidermanns, 1928) , so that the animal has sight of its anterior field but lacking sight of posterior areas, as well as directly above. Fig. 4A shows that the W-shaped pupil projects a blurred ''W'' onto the retina. In comparison, the contour map of the retinal illumination of a fully open, circular cuttlefish pupil (Fig. 4B) shows a more symmetrical drop-off in intensity from center to periphery of the visual field. Fig. 5A shows a typical cuttlefish habitat image, taken off the coast of Turkey. Averaging pixel data from 33 images (all with similar image detail) resulted in the vertical relative luminance distribution shown in Fig. 5B . This uneven brightness distribution is typical for shallow-water habitats (i.e., light intensity is highest looking up). In Fig. 5C , we show a retinal illumination contour map, which was derived by multiplying the values from the optical throughput map of Fig. 4A with the vertical relative luminance values of Fig. 5B . What Fig. 5C shows is that the W-shaped pupil still projects a W shape on the retina but the illumination field appears much broader and more even.
Cuttlefish habitat quantification and computation of retinal illumination
Discussion
The pupil of S. officinalis is a curved horizontal slit-pupil connected to two vertical slits at the frontal and caudal sides of the eye, giving the pupil its distinctive ''W'' shape. Our data show that under bright light conditions, the pupil projects a blurred ''W'' onto the retina, attenuating the image brightness relatively less along the horizon compared to upper and lower parts of the visual field. Under low light conditions, the pupil is circular, and the optical throughput contour map is more symmetrical around the image center.
From our study, we propose that the W-shaped pupil may aid in balancing out the vertically uneven light field of its natural habitat. At shallow depths, on sunny days, the ratio of upwelling to downwelling light may be up to 4 or 5 log units (Jerlov, 1976) . While an animal's retina can deal with a wide range of light intensities in one scene, reducing this range would limit the need for rapid local adaptation during vertical gaze shifts. Since cuttlefish do not have an instant 360°field of view, they must rely on gaze shifts to provide them with the complete view of the surrounding world. Computation of a retinal illumination map (Fig. 5C) shows that the pronounced vertical intensity gradient (i.e., brighter above; dimmer below) of a typical cuttlefish habitat scene becomes less pronounced when seen by an eye with a W-shaped pupil. That is, the visual field appears more even. Furthermore, under intense directional illumination (i.e., from the sun), light scattering in the lens or ocular media can severely degrade contrast sensitivity in dimmer parts of the scene. However, a blurred version of the typical W-shape is maintained in the retinal illumination map of Fig. 5C . If the W-shaped pupil's function was solely to balance out the vertically uneven natural illumination, we would have expected this to result in a much more even retinal illumination contour-map than shown in Fig. 5C . From our data, we can conclude that the W-shaped pupil presumably aids in balancing the vertically uneven light field, and that it will reduce scattering of direct sunlight in the eye. Directional light is certainly prevalent in shallow water, where the sun's rays penetrate directly through Snell's Window (Jerlov, 1976) .
Therefore, there must be additional reasons explaining this peculiar pupil shape. Interestingly, the kinked peripheral parts of the pupil that form vertical slits when the pupil is constricted could potentially increase the relative optical throughput in these crucial areas of the animal's visual field. Two areas of specialization correlating with these vertical slits have been described for the cuttlefish retina. At the anterior and posterior poles of the retina, the photoreceptors are longer and pigment migration is less marked (Muntz, 1977; Young, 1963) . The consequences of this for cuttlefish vision warrant further study.
It was suggested that crescent-shaped pupils, such as those of skates and rays, may provide information on where an image is focused with regard to the retina, so that the eye can properly accommodate and the animal can judge distances (Murphy & Howland, 1991) . Schaeffel and colleagues put forward that the W-shape might also offer clues to the sign of defocus that might be useful for accommodation, such that the ''W'' should be projected as a ''W'' or an ''M,'' depending on where the object is focused (Schaeffel, Murphy, & Howland, 1999) . A similar function was suggested for the variable pupil in some teleost fish (Douglas, Harper, & Case, 1998) , where the pupil changes from circular (in darkness) to two small apertures in bright light. These authors concluded that multiple apertures reduce depth of field and animals might be better at judging distances using monocular cues. In cuttlefish, accommodation (which involves movements of the lens perpendicular to the axis of the eye) focuses selectively on the anterior visual field (Heidermanns, 1928; Schaeffel, Murphy, & Howland, 1999) . The suggested role in judging distances using monocular cues could certainly work for viewing directions within approximately ±15°of the optical axis of the eye in the horizontal plane and approximately 30°(upward, from horizontal) in the vertical plane (i.e., the directions from which a full ''W'' is visible). Cuttlefish can move their eyes to obtain a full 360°field of view. In particular during a predation event, a cuttlefish will orient itself to point towards the prey item and will turn its eyes forward to aid accommodation just before prey capture (Messenger, 1977; Schaeffel, Murphy, & Howland, 1999) . It is therefore conceivable that the accommodation hypothesis would hold even for the anterior field of view, provided that the entire ''W'' is projected in that direction.
Unquestionably, cuttlefish can extract important information in the optical axis part of the visual field (i.e., the area in which the Relative luminance Vertical angle (degrees) Fig. 5 . (A) Photo using a 180°''fish-eye'' lens, of a typical habitat scene of S. officinalis, taken at a shallow depth off the coast of Turkey, demonstrating the vertically uneven natural illumination (i.e., bright looking up, dimmer towards the horizon). (B) A total of 33 natural habitat images were averaged to obtain this plot that shows relative luminance differences in a vertical field of view from 0°(horizon) to 70°(looking up; error bars are standard deviations). (C) Retinal illumination map obtained by multiplying the optical throughput map of (A) with the relative luminance values of (B), and normalizing (with a factor 5) to get values in the same range as in Fig. 4A , making direct comparison of both figures easier. The pronounced vertical intensity gradient becomes less pronounced when seen by an eye with a W-shaped pupil, i.e., the visual field appears more even. However, the typical W-shape is maintained.
full ''W'' is visible) and this may drive some of their camouflage behaviors. For example, information regarding the 3-dimensionality of structures in the nearby environment may be very important for textural camouflage in these animals (Allen et al., 2009) , and a camouflaged cuttlefish could certainly obtain 3-dimensional information from the part of the visual field that contains the full W-shaped pupil. However, since the shape of the pupil depends strongly on the direction from which the eye is seen (in the frontal and caudal directions, it is not a ''W''), it seems unlikely to us that this pupil shape can function in extracting distance information for the entire visual field, especially at the anterior and posterior periphery, where visual information may be of utmost importance (e.g., approaching predator from behind; prey organisms in front). Also, since the optics of the cuttlefish eye vary depending on the light intensity and resulting state of pupil constriction (from a tight W-shape to fully circular), this would make any ''computations'' that the animal has to perform to extract such information complicated.
Another possible suggestion for crescent and W-shaped pupils is that of aiding in camouflage. Observations were made that most of the animals with U-shaped and W-shaped pupils (e.g., fish, cephalopods) spend much time motionless and camouflaged on the substrate (Douglas, Harper, & Case, 1998; Douglas, Williamson, & Wagner, 2005; Murphy & Howland, 1991; Schaeffel, Murphy, & Howland, 1999) . A large, dark, circular pupil would be visible, so constricting it reduces the conspicuousness of the eye. While this may certainly be true for a number of animals, including cuttlefish, there appear to be some exceptions. Squid, for example, have a variable crescent-shaped pupil (Inada, 1996; McCormick & Cohen, 2012; Mäthger, 2001) . In bright light, the pupil of the squids Alloteuthis subulata and Loligo vulgaris forms a U-shape, while in low light, it is circular (Mäthger, 2001 ). Even though squid are known to rest on the substrate at times, they are primarily pelagic.
We conclude that the horizontal slit pupil with vertically kinked ends provides an improved retinal intensity distribution, less image haze from scattering and probably serves camouflage at the same time.
